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Recent measurements of the 2–D spatial profdes of divertor plasma density, temperature,

and emissivity in the DIII-D tokamak under highly radiating conditions are presented. Data

are obtained using a Divertor Thomson Scattering system and other diagnostics optimized

for meas&ing the high electron densities and low temperatures in these detached divertor

plasmas (ne < 1021 m-s, 0.5 eV S Te). D2 gas puffing in the divertor increases the

plasma radiation and lowers Te to less than 2 eV in most of the divertor volume. Modeling

shows that this temperature is low enough to allow ion-neutral collisions, chruge

exchange, and volume recombination to play significant roles in reducing the plasma

pressure along the magnetic separatrix by a factor of 3 to 5, consistent with the

measurements. Absolutely calibrated VUV spectroscopy and 2–D images of impurity

emission show that carbon radiation near the X–point, and deutenum radiation near the,

plates contribute to the reduction in Te. Uniformity

factor of 2) along the outer divertor leg, with peak

of outer leg radiated power (within a

target heat flux on the divertor target
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reduced four-fold, was obtained. A comparison with 2-D fluid simulations shows good

agreement when physical sputtering and an ad hoc chemical sputtering source (0.5%) from

the private flux region surface is used.



I. INTRODUCTION

Finding a technique which reduces the high target plate heat flux predicted to occur in fhture

tokamak divertor scenarios continues to be one of the important research areas on tokarnaks

worldwide. This has been identifkd as a critical design issue for ITER. *A promising solution is to

increase the radiation in the divertor legs, thereby reducing the peak heat flux to the target plates.

and spreading the exhaust power over a large area in the divertor. This regime is desirable because

the design requirements for removing the heat flux averaged over a large surface area in the

divertor are manageable, robust designs for removal of the predicted peak flux without radiation

(up to 10x higher) are very difficult.

Experiments in DIU-D have demonstrated such an increase in radiation and corresponding

decrease in target plate peak and integrated heat flux by injection of deuterium gas during the

discharge.z>s DNertor plasmas, which am detached in these mdiative divertor experiments, are

characterized by: (1)low Te = 1- 4 eV and high ne > 1020 m-q, (2) enhanced divertor

radiated power and Da emission, (3) a. reduction in plasma pressure from the midplane to the

divertor along flux surfaces just outside the separatrix, and (4) reduced local heat and particle flux

to target plates along those same flux surfaces. Radiation profiles4 during radiative divertor

operation show a strong increase in radiated power in the outboard leg and X–point region

compared with profiles in standard ELMing H–mode without deuterium injection.

Radiative divertor conditions were also obtained by injection of gaseous impurities into the

divertor. Steady-state radiative divertor plasmas induced by neon and nitrogen injection have

achieved peak target heat flux reduction comparable .to deuterium-induced radiative divertor

plasmas (up to factors of 2.5x with neon and 4Xwith nitrogen).
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Results from recent experiments and modeling of these plasmas in DID-D am presented

below. In Section 2, the experimental procedures to characterize the twodimensional (2–D)

structure of the radiative divertor plasma zue presented. Section 3 gives the experimental

observations covering the bulk of the lower divertor, including ~ and Te fiorri the new divertor

Thomson system, radiation profiles from bolometry and an evaluation of the constituents which

produce the total radiated power from spectroscopy. Section 4 discusses the implications of the

measurements for the physical processes dominating detachment, and simulations of these

conditions using the UEDGE 2–D SOL and divertor fluid code which support these interpretations.

Conclusions are presented in Section 5.

II. EXECUTION OF EXPERIMENTS

In a recent experimental campaign, we have systematically measured the 2–D (R,Z) structwe of

the divertor plasma from the inner strikepoint (ISP)to outside the outer strikepoint (OSP) and from

the target plates to above the X-point. All discharges in this campaign were lower single-null

plasmas with plasma curnmt (IP = 0.9 to 1.5 MA), toroidal field (Bt = 2.1 T), injected power

(Pinj = 1 to 10 M_W),and safety factor (q95 = 3.7 to 6.6). The nominal plasma had the VB drift

toward the divertor although approximately 30 discharges were done with reversed toroidal field.

Many of the discharges were repeated “severaltimes with divertor spectrometers tuned to different

spectral regions to obtain data on many radiating charge states for a given plasma condition.

The data set generated from this campaign includes core ne, Te, and Ti, from Thomson

scattering and CER systems, respectively, and divertor ne, Te from a new divertor Thomson

scattering systems (DTS), and from a reciprocating probe in the divertor. Radiated power, is

determined in 2–D by tomographic reconstruction of data from a 48-channel bolometer system with

crossed views. Recycling fluxes are obtained from absolutely calibrated Da monitors, and target

plate heat and particle fluxes are measured by IRTV and Langmuir probes, respectively. Data on
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impurity behavior is obtained from images of visible emission lines using tangentially and

vertically viewing video cameras, chordal views by multiple visible spectrometers, and absolutely

calibrated UV spectrographs with 1 ~ resolution in the core and divertor. The contlguration of the

divertor diagnostics is shown in Fig. 1.

Radial sweeps of the divertor plasma were used to allow diagnostics with vertical views to

sample large fractions of the diverter plasma. The nominal equilibrium had the X-point height

above the vessel floor, ZX= 15 cm, elongation, K = 1.7 to 1.9 and triangularity, S = 0.3 to 0.55

(large variation during the sweep). During most of the discharges, the divertor strikepoints were

swept radially by as much as 25 cm and the X–point moved as much as 18 cm while the shape

and position of the core plasma and upper SOL were held constant (R = 1.7 m, a = 0.6 m).

Divertor cryopumping was not done in this campaign.

It is assumed that conditions in the diverter remained nearly constant as the plasma is moved

since the coniigwation is essentially an open divertor on horizontal targets without pumping

throughout the sweep. Several discharges with a double sweep were checked in detail for

hysteresis effects. The macroscopic conditions (e.g., iie, total radiated power, ELM frequency)

were very reproducible. The constancy of microscopic parameters in the diverter during the sweep

is difficult to ascertain, but data from “wide angle” diagnostics, such as fdteti video cameras,

suggest that the constancy of the diverter was also reasonable except when the OSP location

exceeded the radial location of the diverter bias ring face (s* Fig. 1). - from the ex~m~ ,

outward positions of discharges are not included in the analysis here.

Experiments were done with plasmas in Ohmic (0), L-mode (L), ELMing H–mode (H), and

reversed Bt operation (VB drift away from the X–point). In addition, plasmas with ‘a radiative

divertor induced by Dz injection and with impurity injection (neon and nitrogen) were studied. This

paper will focus on comparisons of the 2–D characteristics of ELhling H–mode plasmas with and
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without a radiative divertor condition induced by deuterium or impurities. Results from the other

operating modes are presented elsewhere.~9

Most of the discharges in these experiments had the X–point positioned at a height 2X =

15 cm above the divertor floor. This equilibrium produced a poloidal outer leg length of

approximately 20 cm from the X–point to the OSP. The maximum radial sweep at constant L

with the OSP on the flat divertor floor and not under the bias ring allowed vertically viewing

diagnostics to sample the plasma from the X-point to outside the OSP. To increase the coverage of

the outer leg by the bolometers, some discharges were run with substantially higher ~ giving 30

and 50 cm outer leg length (4 and 5 horizontal chords viewing the outer leg, respectively). Radial

sweeps with the OSP remaining on the divertor floor were not possible in these discharges.

III. EXPERIMENTAL OBSERVATIONS

For the fmt time on DIII-D, these experiments included direct measurements of the plasma

characteristics in the bulk of the SOL and divertor during radiative divertor operation. Additional

2–D information was generated by combining several of these measurements. For example,

measurements of the divertor ekdron temperature were combined with spectroscopy

measurements and line ratio techniques to determine the spatial location of the radiation. 10111

New findings include the first measurements of the electron density, temperature, and pressure’

in the bulk divertor plasma during radiative diverter operation showing that a large volume of the

plasma is cold (-1 to 3 eV) and at high density (1 to 3 x 1020 m-3).9 Calibrated spectroscopy

measurements showed that carbon is the dominant radiating species near the X–point in PDD

plasmas but hydrogenic radiation near the OSP also contributes. 11In the high X–point experiment,

uniformity of radiated power (Pr~) along the outer leg (within a factor of 2) was verified during

radiative divertor operation with peak heat flux on the divertor target reduced a factor of 4.
.,-
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A. Divertor Thomson scattering measurements

The divertor Thomson scattering diagnostic measures

\

the Te and u at eight vertical positions

above the vessel floor every 50 ms during these discharges (Fig. 1). By s~veeping the divertor

plasma radially, these measurements sample a large fraction of the divertor plasma and private flux

volumes. Using the equilibrium constructed by the EFIT codelz at each measurement time, each

measurement is assigned a poloidal flux value (V) and the distance of the point from the target plate

along a flux surface, (~1). A 2–D profile is then constructed by remapping each measurement to

the (R,Z) location in a representative equilibrium corresponding to the assigned (~ol, V).

Identically prepared

for comparisons.

discharges with and without deuterium and impurity injection were produced

1. Low temperature and high density during PDD

The electron density, temperature, and pressure during the ELMing H–mode before and during

the radiative divertor with D2 injection are compared in Fig. 2. In ELMing H–mode, the density

rises’toward the target plate to 3x the rnidplane value and the temperature decreases by the same

factor. This is consistent with low radiation power and heat flow dominated by parallel heat

conduction. 13Y14 The electron temperature is greater than 10 eV throughout the divertor and the

poloidal gradients m consistent with the conduction limited regime. After the transition to a

radiative divertor condition induced by D2 puffing, Te in a large fraction of the divertor drops to

1 to 3 eV and the poloidal gradients are small. Most of the temperature drop occurs at or above the

X–point. Parallel conduction no longer dominates the heat flow throughout the divertor. Density

rises to large values (up to 5 x 1020 m-3 was observed) in the outer SOL, but it rises

proportionately less near the separatrix. The peak density on flux surfaces near the separatrix

occurs near the X–point (up to 10x the rnidplane value) falling to near the nidplane value at the

OSP. The peak density in the outer SOL occurs ne~ the target plate (again at up to 10x the
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midplane value). The implications of these conditions, in particular the low temperatures am

discussed in Section 4.

2. Pressure balance

During both ELMing H–mode and L-mode, the poloidal pressure is constant to within a factor

of 2 along all flux surfaces in the SOL.8 Poloidal profiles of the electron density, temperature, and

pressure near the separatrix and farther out in the SOL during radiative divertor operation in an L-

mode discharge without ELMs are shown in Fig. 3. The pressure drops by a factor of 5 from the

X–point to the target plate on flux surfaces near the sep~atrix. The radial profile of the pressure

shows higher pressure (by a factor of 3 to 5) on flux surfaces in the outer SOL than on those close

to the separatrix, confirming observations made previously with probes.q The poloidal pressure

profile on the outer flux surfaces is roughly constant from the X–point to the target plate.

B. Radiation profiles

The 2–D profde of the total radiated power, P~, was generated by tomographic reconstruction

of data from two 24-channel bolometer systems. Combining the divertor Thomson Te

measurements with line ratio techniques using the divertor VUV SPRED measurements allowed

the vertical and horizontal extent’of the radiating regions of various hydrogenic and impurity

emissions to be calculated. This spatial distribution was verifiedwith images from tangentiallyand ,

vertically viewing camera systems with visible line filters, and with multi-chord visible

spectrometers.
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1. Power balance

A comparison of the Pmdprofile during the ELMing H–mode and radiative divertor phases of a

deuterium-induced radiative diverter discharge is shown in Fig. 4. The radial profile of the heat

flux to the divertor target plates is also shown. During unpumped ELMing H–mode, the radiated

power peaks in the inner divertor leg in a region which extends part way up the leg toward the X–

point. The heat flux to the inner target is low, consistent with the picture that the power entering the

inner leg is radiated away before reaching the plate. The heat flux to the outer target is large,

especially in a narrow layer near the separatrix, and little radiated power is seen in the outer leg.

Table I gives the power balance for the ELM.ingH–mode showing that 75910of the input power is

accounted for experimentally.

Afler the transition to PDD operation, the radiated power increases throughout the divertor. The

outer leg radiation increases by the largest factor (locally up to factors of 20). The peak is located in

the outer leg and also in the vicinity of the X-point. The peak heat flux to the outer target is

typically redueed a factor of 3 to 5 as in this discharge and the integrated heat flux to the outer

target is reduced a factor of 1.5 to 3. The power accountability (8370) for the radiative divertor

phase of this discharge is also given in Table I.

2. Constituents contributing to prad

By sweeping the diverter plasma through the field of view of the divertor VUV SPRED

spectrograph, the contributions of various radiating species to the total radiated power can be

determined throughout the outer divertor leg. To calculate the total radiated power from various

species, collisional radiative modeling*5’16is used to @ate tilative intensity of lines’ within the

SPRED range to strong radiating lines outside the range. Good quantitative agreement (within a



factor of 2) is obtained between the total radiated power deduced from SPRED and power

measured by a bolometer chord along a similar line of sight.10

The fractions of the total radiated power measured by the divertor SPRED are shown for CII,

CIII, CIV, and Deuterium in Fig. 5(a) as functions of time during the radiative divertor phase of a

discharge with a divertor sweep. The radial position of the OSP is also shown. CIV is the

dominant radiator (70% of the total) when the SPRED views the X–point (Rosp -160 cm) with

small contributions (15%) from CIII and deuterium. However, when the instrument views the

OSP region (Rosp -144 to 152 cm) the CIV fraction drops to 40% and the deuterium fraction

increases to 45 % of the total radiation. Crubon radiation appears to reduce power flow near the X–

point; deuterium further reduces power reaching the target plates by radiating near the strikepoint.

Measurements of line ratios from multiple lines of several of these constituents produced

estimates of the effective electron temperature at the radiation location. Since the SPRED vertical

chord has a similar view to the Thomson scattering Te measurement, the vertical location of the

radiating region can be estimated by interpolating within the eight Thomson points [see Fig. 5(b)].

When radiative divertor operation begins at 3500 ms, the region of significant radiated power from

carbon within the field of view of the SPRED shifts up to the X–point (vertical location - –

122 cm). In addition, the location of the radiation from the dominant radiator, CIV, is within 1 to

2 cm of the radiation from CIII throughout the discharge. This means that 2–D images of the

strong CIII visible line (465 rim), measured with CCD cameras, give appro-te distributions of ,

the majority of the radiated power from carbon.

3. Profiles of constituents

Data from a tangentially viewing CCD camera ~V) that views the DIII-D divertor17 is

inverted, using reconstruction techniques similar to those used with the bolometer data, to produce
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2–D distributions in a poloidal pkaneof visible emission from several radiating species. Toroidal

symmetry is assumed. Profiles from Da and CIII radiation during the H–mode and radiative

divertor phases of a typical discharge am shown in Fig. 6. During the H–mode phase, the Da

emission is located at the ISP and the C.111emission peaks near the X–point in the inner SOL.

Substantial CIII emission is also seen along the inner SOL above and below the X–point and

somewhat down the outer divertor leg. ,

After the transition to the radiative divertor mode, the peak in P~ shifts to the outer leg from

the X-point to near the OSP. The Da radiation measured by the TTV peaks near the OSP. The

relative emission intensity near the ISP dld not change from the H–mode phase, but the intensity

near the OSP increased a factor of 4. The CHI emission peaked at the X–point and outer SOL near

the X–point. During the transition to a fully developed radiative divertor mode, and in some

discharges with moderate deuterium injection, the CIII emission is observed to extend nearly

uniformly as much as half way down the outer divertor leg. The profile becomes highly localized

near the X–point with heavy deuterium injection. Data from a vertically viewing CCD system

confirms the spatial locations of emission from these constituents

4. Poloidal uniformity of p~~d

To explore in detail the poloidal profile of Pmd in the outer leg during radiative dlvertor

operation, discharges were created with a very high X–point. The reconstructed P~ profde from ~

one of these discharges is shown in Fig. 7(a). Uniformity of the radiated power density to within

a factor of 2 is observed along flux surfaces from the X–point to the target plate. Inversions of CII,

CIII, and Da visible emission from the TI’V for a series of identically produced discharges

[Fig. 7(b), 7(c), 7(d)] show that the uniform radiated power is produced by a combination of

deuterium radiation near the OSP and carbon radiation further up the leg and near the X–point.

Divertor SPRED measurements along the divertor leg are not available from these discharges
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because the high X–point precludes radial sweeping. However, if one invokes the hypothesis from

Section 3.2.3 that the profile of CIII visible emission nearly represents the profile of total radiated

power from carbon, then the TTV images are consistent with the hypothesis that carbon dominates

the radiation along the upper divertor leg, and deuterium dominates near the strike point.

C. X-point MARFE versus divertor MARFE

The CIH emission profile during the PDD phase for the discharge shown in Fig 6 can be stable

for long times (100s of milliseconds) with core confinement comparable to the ELMing H–mode

phase. This has been demonstrated in discharges with injected power as low as twice the L–H

threshold power.8 However, on some discharges with sul%cient deuterium inje@ion, the peak in

the CIII profde was observed to move inside tie separatrix near the X–point Me in the discharge.

When this occurred, the core confinement decreased substantially (more than a factor of 2). Petrie8

has labeled the stable state an “diverter MARFE” and the state with degraded core confinement an

“X-point MARFE.” This X-point M.ARFE behavior is consistent with a scenario in which the

plasma near the X–point cools to Te S 30 eV where the carbon radiation rate begins to increase

with further decreases in Te. This leads to a thermal collapse of the X–point plasma since it is

dominated by carbon radiation. The carbon impurity concentration in the core plasma increased

substantially after the fo~ation of the X–point MARFE. This may be consistent with reduced

screening of carbon influx to the core from the private flux region through the thermally collapsed

X–point.

D. Radiative divertor plasmas with impurity injection

Experiments were also performed on radiative divertor plasmas induced by neon and nitrogen

injection into the diverter. Since neon is a fully recycling impurity, only a short puff (-50 to

80 ms) was required to produce peak target heat flux reduction by up to a factor of 2.5x.
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Integrated heat flux nxluction Up to a fac~orof 1.7x was achieved. Nitrogen is partially recycling

and continuous injection was used to achieve a steady radiative divertor condition. Peak and

integrated heat flux reduction factors of up to 4X and 3x, respectively, were achieved. In coronal

equilibrium, nitrogen is a much more et%cient radiator at the DIH-D diverter/SOL density and

temperature than is neon.

1. Nitrogen-induced radiative divertor plasmas

Reconstruction of the total radiated power horn the bolometer during nitrogen-induced radiative

divertor plasmas showed that 60% of the radiated power occurred in the divertor. The peak in the

radiation profile occurred on the inner SOL side of the X–point and also at the X-point. TT’V.

images of CII, CIII, NH, and NIU in these discharges confirmed that both the carbon and the

nitrogen radiation were localized near the X–point. Analysis of SPRED spectra showed good

agreement throughout the discharges (better than a factor of 1.5) with the bolometer channel having

a similar line of sight. The relative fractions of the total radiated power measured by SPRED for

carbon, nitrogen, and deuterium during the radiative divertor phase m given in Table II. Carbon

and nitrogen each contribute substantially to the total with insignificant contribution from

deuterium. The relative power fractions for the three ionization states contributing to the nitrogen

radiation are given in Table III showing that all are substantial radiators.

2. Neon-induced radiative divertor plasmas ,,

The peak and integrated target heat flux Auction factors in the neon discharges were

approximately a “factorof 2 lower than with nitrogen injection. For these unpumped radiative

divertor plasmas, reconstruction of Pradshows that the fraction of the total radiated power which is

produced, either inside the separatrix in a mantle surrounding the core plasma or in the SOL above

the X–point, is higher with neon than with nitrogen (55~0compared with 40%). p~~din the dlvertor
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region was maximum near the X-point with substantial radiation also in both divertor legs. ‘IT’v

images of Da emission show that it is localized near the ISP. Images of CID emission show a peak

at the X–point with substantial emission approximately half way down the divertor legs. Analysis

of SPRED spectra shows good agreement with the bolometer channel (within a factor of 2). In this

case, the majority of the radiation in the divertor was from carbon during the radiative divertor
,.&-

operation, a significant contribution was from deuterium, and a little was from neon. The carbon

and neon fractions were comparable when the SPRED viewed the X–point. The relative fractions

are given in Table IV.

IV.

A.

DISCUSSION

Data analysis

The DTS measurement of Te = 1 to 3 eV in a large fraction of the diverter volume during

PDD operation leads to a different picture of the physics processes which dominate the divertor

plasma compared with the SOL plasma. With low temperature (<5 eV) over long poloidal length,

charge exchange and ion neutral collisions can dominate over ionization in enough of the divertor

leg to remove a large fraction of the plasma ion momentum to the walls. The reduction in ion flux

can lead to a long residence time for ions in the 1 to 2 eV region near the plate. At 1 eV and 5 x

1020m-s density (typical of the measurements neti the plate), three-body recombination rates can

exceed ionization rates by more than an order of magnitude leading to complete neutralization of the

ion plasma before it strikes the plates. Molecularly activated recombination may also play an’ ‘

important role in the total recombination rate.18Simulations with the UEDGE code indicate that the

recombination rate can substantially exceed the ionization rate in regions up to 5 cm poloidally off

the plates. This explains the observed reduction to near zero in the plate ion saturation current ai?er

the transition to detachment.
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The other implication of low and fairly uniform diverter electron temperature is reduced

conductive heat flow toward the target plate. 13The power entering the SOL from the core plasma

is removed upstream by radiation and by collisions with cold neutrals consistent with the flat

poloidal temperature profile. However, the measurements still show non-negligible heat flux to the

target plates and, in some cases, radiated power in regions with shallow temperature gradients. The

explanation lies in the potential energy convected by the remairiing ion plasma flow, despite strong

neutral collision rates upstream. Each remaining deuterium ion can release the 13.6 eV ionization

energy in the region where it recombines. Radiated power in regions below Te = 2 eV is possible

from this collisional-radiative recombination process.

Radiative divertor operation with uniform P~ in the outer diverter leg was demonstrated in

these experiments. However, in many cases, highly non-uniform radiation was also observed.

Frequently, the peak occurs in the vicinity of the X–point. One of the factors which affects the

spatial distribution of PA is the deuterium injection rate. Sufficient injection rate is required to

produce the transition to the radiative diverter mode but a much lower flow is required to sustain

the operation in steady state with nearly uniform P~ in the outer leg. It appears that excess gas

injection during the radiative diverter phase reduces Pmdin the leg and concentrates the radiation at

the X–poin~ resulting ultimately in an X–point MARFE with reduced core confinement.8

Injection of gaseous impurities can produce heat flux reduction similar to deuterium-induced

radiative divertor plasmas but the physics behind the result can be very “different. For nitrogen-,

induced ERI plasmas, the nitrogen radiates strongly in the vicinity of the X–point leading to the

detachment. Strong deuterium radiation is not observed near the OSP as in the case with deuterium

injection. This is consistent with lower density at the OSP during detachment in the nitrogen case.

When neon is injected, the bolometer inversions show an increase in the power radiated in a mantle

surrounding the core plasma just inside the separatrix. This reduces somewhat the power flowing

into the SOL from the core. The heat flux reduction factor in these experiments for quasi-steady
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plasmas with neon injection is less than with

reduction factor by increasing the amount of

deuterium injection. Attempts to increase the

injected neon produced, for these unpumped

discharges, an unstable core configuration with by long ELM-tke periods (-100 ms) followed by

large ELMs with significant loss of density and stored ener~.

B. Modeling with UEDGE

Simulations with the UEDGE code23 have reproduced essentially all of the characteristics of

deuterium-induced radiative divertor plasmas observed in these experiments. The code contains a

two-fluid model of the plasma with multi-species io~s including impurities, classical parallel heat

flow, anomalous perpendicular transport, and a Navier-Stokes fluid model of neutrals which

permits momentum loss by charge exchange and ion-neutral collisions. Previous

simulations 11>19-22using a freed-fraction model for the carbon density distribution found

qualitative agnxment with the measurements. In a recent series of simulations, the complete

impurity transport model in UEDGE was used for all six charge states of carbon to examine the

sensitivity of detached plasma parameters to a simulated chemical sputtering source of carbon

atoms from the floor of the divertor in the private flux region. Results from a simulation of

discharge 87506 at 3680 ms using 0.5% effective chemical sputtering yield are shown in Figs. 8

and 9.

This multi-species solution reproduces the experimentally observed detachment (Te <5 eV) of ~

both divertor leg plasmas up to the vicinity of the X–point [Fig. 8(a)]; the fixed fraction model

does not [Fig. 8(b)]. The sensitivity study revealed that physical sputtering alone could not

produce the total radiated power measured for reasonable sputtering coefficients (S0. 15%). In. .

addition, the simulation with physical sputtering alone would not detach the outer leg more than a

few centimeters off the target plate which is not consistent with the measurements.
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The chemical sputtering source and the impurity transport model were critical to simulating

both the full detachment of the divertor and to simultaneously matching the midplane plasma

profiles [Fig. 8(c)]. The match to the heat flux and line integrated Da measurements in the divertor

are within a factor 2 for the inner plate and within a factor of 3 at the outer plate. Some of the

discrepancies in the outer heat flux rriay be due to the fact that the calculated heat flux does not

include reabsorbed energy from upstream radiation. At present, there is no deuterium gas puffing

source in the simulation. This may produce low Da emission compared with the data and slightly

higher divertor temperature than measured with the divertor Thomson system [Fig. 8(d)].

Poloidal profiles of plasma quantities from the X–point to each target plate, for a flux surface

just inside the SOL near the separatrix, are shown in Figs. 9(a) through 9(d). Figures 9(a) and

9(c) show that the thermal electron and ion pressures are nearly equilibrated and uniform along the

divertor legs. The change in the total pressure is due to a combination of thermal pressure drop at

the X–point and reduction in the ram pressure (nmv2) from charge-exchange and ion-neutral

collisions along the legs. This is consistent with Te in Figs. 9(b) and 9(d) which drops from 50 to

60 eV just above the X–point to 4 eV just below the X-point to near 1 eV at the plate. Ion-neutral

collisions should dominate ionization at these temperatures in the divertor legs for moderate neutral

densities. Within 5 cm of both plates, Figs. 9(b) and 9(d) also show that the recombination rate

exceeds the ionization rate by up to an order of magnitude. This results from the Te = 1 eV, ne =

6 x 1020m-s solution near the plates. The density peaking poloidally near the plates ii not due to

ionization and recycling as it is in attached plasmas. Rather, it results from reduction in the flow’

velocity due to ion-neutral collisions upstream.

V. CONCLUSIONS

Characteristics of the bulk divertor and SOL plasmas were measured and analyzed for ELMing

H–mode plasmas before and during radiative divertor operation induced by deuterium or gaseous
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impurity injection (neon and nitrogen). During radiative divertor operation with deuterium

injection, outer leg detachment is achieved with Te = 1 to 3 eV throughout a large fraction of the

outer leg volume. Peak heat flux is reduced a factor of 3 to 5 and the ion saturation current to the

target plates is reduced to near zero. Electron pressure along flux surfaces near the separatrix drops

a factor of 10 from the midplane to the target plate with a factor of 3 to 5 drop between the X–

point and target. The radial pressure profile increases from the separatrix into the outer SOL of the

divertor leg. The radiated power in the outer leg can be made uniform (within a factor of 2) by a

combination of carbon radiation the X–point and deuterium radiation near and above the OSP.

Analysis and modeling of this condition show that it is consistent with a four-component paradigm

of outer leg detachment: (1) ionization in the SOL above the X–point leads to plasma flow toward

the divertor, (2) carbon radiation near the X–point reduces Te in the SOL plasma to approximately

5 eV leading to an ionization front below which ionization is minimal, (3) charge exchange and

ion-neutral collisions in the SOL below the X–point remove the parallel momentum from the

plasma to the walls and further reduce Te, (4) recombination dominates the plasma near the target

plates where Te -1 eV leading to low ion current and heat flux to the plates.

IrIradiative diverter plasmas with nitrogen injection, the intrinsic carbon and injected nitrogen

radiate comparable power in the divertor to produce the observed heat flux reduction and detached

conditions. In contrast, for radiative divertor plasmas with neon injection, the neon radiates a

substantial fraction of the input power in a mantle surrounding the core and in the SOL above the

X–point. This leads to reduced power entering the divertor which allows carbon to radiation to ~

increase near the X–point. The combination of neon radiation outside the diverter and carbon near

the X–point produces the heat flux reduction observed on the plates.
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TABLE I. Power balance for comparable

PDD and ELMing H–mode phases of

discharge 87638.

2037 ms 4310 ms

P“Input 4.01 4.29

PNBI 3.6 3.6

p~h 0.41 0.69

P~ 1.49 2.58

PCO#SOL 0.75 1.0

P&v 0.74 1.59

ptargets 1.5 1.0

P“In 1.5 1.0

Pout 0,0 0.0

P~U@in 0.75 0.83
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TABLE II. Fractions of Pradfrom C, N, and Din a

nitro~en-induced radiative divertor Dlasma.

Divertor
X–point Leg OSP

Carbon 0.32 0.37 0.43

Nitrogen 0.66 0.60 0.51

Deuterium 0.02 0.03 0.06
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TABLE III. Fraction of Pradfrom nitrogen charge

states in the divertor of the nitrogen-induced

radiative divertor r)lasma of Table I.

Divertor
X–point Leg OSP

NIII 0.14 0.14 0.13

NIV 0.18 0.17 0.14

0.32 0.29 0.24
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TABLE IV. Fractions of Pr~ from C, Ne, and D

from a neon-induced radiative divertor plasma.

Divertor
X–point Leg OSP

Carbon

Neon

Deuterium

0.45

0.45

0.10

0.60 0.60

0.20 0.10

0.20 0.30
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Figure Captions

Fig. 1. Schematic diagram of DIII-D divertor diagnostic views used to obtain the data from the

DCX experiments. Also shown are the outlines of the DID-D divertor floor (carbon tiles), the

vertical port in the floor, and the ADP bias ring, baffle plate and cryopump.

Fig. 2. Electron density [(a),(d)], temperature [(b),(e)] and pressure [(c),(f)] in the outer divertor

leg during ELMing H–mode [discharges 86885 and 86886, Figs. 2(a) through 2(c)] and

deuterium-induced radiative divertor operation [discharges 87163 and 87164, Figs. 2(d) through

2(f)]. Note that the scales have been changed to highlight the structure in the different cases.

Fig. 3. Poloidal profdes of electron density, temperature, and pressure for two values of poloidal

flux during PDD operation: (a) V = 1.000-1.002 and (b) V = 1.010- 1.020. Note that near

the separatrix substantial pressure drop (factor of 4 to 5) is observed between the X–point and the

target plate. Pressure is roughly constant further out in the SOL plasma.

Fig. 4. Reconstructed 2–D profdes of the total radiated power from the bolometer arrays and the

corresponding heat flux profdes at the target plates during the ELMing H-mode (a) and deuterium-

induced radiative divertor phases (b) of the discharge. Note the substantial increase of the radiated

power in the outer divertor leg during the radiative divertor phase.

Fig. 5. SPRED spectrograph results during the deuterium-induced radiative divertor phase of a

shot with a full radial sweep of the divertor plasma. In (a) the fractions of the total radiated power

measured by the SPRED for CIl, CIII, CIV and deuterium radiation as well as the radial position

of the OSP are shown as functions of time. In (b) the inferred vertical positions of CII, CIII, and

CIV emissions are show versus time in which the CIII and CIV radiation are within 1 to 2 cm of

each other throughout the sweep.

Fig. 6. Inversions of TTV images of Da [(a),(c)] and CIH [(b),(d)] emission during ELM.ing H–

mode [(a),(b)] and deuterium-induced radiative divertor phases [(c),(d)]. The total radiated power

profiles during both phases (see Fig. 3) are consistent with a combination of deuterium emission

close to the strikepoints and carbon emission further up in the divertor legs an near the X–point.
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Fig. 7. Total radiated power (a) from the bolometers and Da (b), CII (c), and CIII (d) emission

from the TT’Vfor a discharge with a long (50 cm) poloidal length from the OSP to the X–point.

The total radiated power is uniform within a factor of 2 along the entire divertor leg. The radiation

is composed of emission from deuterium near the OSP and carbon emission in the upper leg and

near the X–point.

Fig. 8. 2–D profiles of the electron temperature calculated in UEDGE simulations of DIII-D

discharge 87506 at 3680 ms during deuterium-induced radiative divertor operation. The

simulation in (a) used a fixed fraction of carbon relative to electron density and no chemical

sputtering model, the simulation in (b) used the multi-species carbon transport and a chemical

sputtering source. Also shown are comparisons of the simulated rnidplane profiles of ~ and Te

with the data and the simulated ~ and Te along the Divertor Thomson line of sight (within the

outer SOL for this discharge) with the data. Curves in blue are from the fixed fraction mode~

curves in green are from the multi-species model. The 2–D profiles show detachment (Te <5 eV)

in both legs from the target plates to the X-point only in the multi-species simulation. Good

agreement with the measurements is also achieved both at the midpkme and vertically in the outer

SOL in this case.

Fig. 9. Variation of pressures [(a),(c)], and ~, T., ionization rate and recombination rate [(b),(d)]

in both the inner [(a),(b)] and outer [(c),(d)] divertor legs for the UEDGE simulation of discharge

87506 with the multi-species carbon model. Pressure drops from the X–point (shaded region) to

the target plates by factors of 3 to 4 are calculated, due to a combination of reductions in the

thermal pressure at the X–point and reduction in

Recombination rate exceeds the ionization rate by

Te = 1 – 1.2eV and ne= 6– 7x 1020 m-a.

the ram pressure (nmvz) in the divertor leg.

up to an order of magnitude in regions with
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